Abstract To characterize daily variation of amino acids (AAs) and acylcarnitines (ACs) in response to feeding and activity, we measured serum metabolites at various times and after various activities during the day. Subjects were admitted overnight for serial serum sampling, collected in the evening (6-8 p.m., n = 40), before rising from bed or eating (8 a.m., n = 40), 1 h after rising but before eating (9 a.m., n = 20), 1-2 h after rising and breakfast (9-10 a.m., n = 40), and at noon (12 p.m., n = 20). Measurements of 15 AAs and 45 ACs were performed by quantitative tandem mass spectrometry using stable-isotope dilution. Coefficients of variation within and between patients were calculated for individual metabolite values and factors derived from principal components analysis. The change of state between timepoints was evaluated by nearest neighbor non-parametric analysis of values at one timepoint compared to the next subsequent value. Relative to baseline a.m. recumbent concentrations, AA concentrations rose after activity and feeding while AC concentrations rose after activity and decreased with feeding. Furthermore, for all AAs, ACs, and their factors, biological variation was quantifiably evident and distinct from daily variation. This study confirms the daily variation of AAs and provides the first report of daily variation for a large panel of ACs. Although standardization of sample collection is highly desirable to control for daily variation (within a subject due to activity or feeding), this study demonstrated measurable biological variability (across subjects) suggesting that non-standardized sample collections could potentially provide insights into specific AA and AC metabolic pathways and disease mechanisms.
Introduction
Metabolomics as a global profiling tool has expanded greatly in recent years, with investigators from research fields such as diabetes, cancer and infectious disease using this approach in applications ranging from generating hypotheses to dissecting molecular mechanisms Oakman et al. 2011; Vinayavekhin et al. 2010) . The characterization of amino acids (AAs) and acylcarnitines (ACs) has proved especially valuable in the screening of newborns for inborn errors of metabolism (Millington and Stevens 2011; De Jesus et al. 2010) . Much of the strength of the findings in these and future studies relies on detecting subtle changes in the concentrations of metabolites, many of which are present at extremely low levels. Assessing the significance of these differences can be difficult, particularly against multiple background sources of variability. In this study we sought to characterize the daily variability due to activity and feeding across a range of metabolites of interest, namely a panel of AAs and ACs, with the long-term goal of informing the interpretation of results from other studies with varying sample collection times and protocols.
AAs are the agents of protein metabolism, while ACs are derived from oxidation of a variety of metabolic fuels, including prominently, b-oxidation of fatty acids (FAs). ACs are formed to facilitate transport of long-chain FAs into mitochondria. They are also formed by equilibration of mitochondrial acyl CoAs with their cognate ACs through the action of carnitine acyltransferase enzymes. While often treated as separate pathways, AA and FA circuits are increasingly being considered in tandem, for example with respect to cardiovascular disease Shah et al. 2010) , and for development of biomarkers and mechanistic insights in diabetes and metabolic syndrome (Newgard et al. 2010) .
Metabolite levels can fluctuate in response to daily activity, including feeding (Feigin et al. 1967; Eriksson et al. 1989) . As metabolic profiling is applied more widely, it is becoming possible to detect even subtle variation in the levels of numerous metabolites simultaneously. Consequently, to advance the biological understanding of metabolites, it is necessary to determine the extent of biological variation attributable to variation between individuals in contrast to the extent of daily variation within individuals, attributable to activity, rest, feeding, and circadian rhythms. For the purposes of this work, the term daily variation is used throughout to refer generally to all the sources of systematic variation within individuals during the usual events (fasting, feeding, activity, inactivity, circadian influences) of a typical day.
In order to ascertain the degree and direction of these changes in energy metabolism, and in anticipation of continuing investigation into the interaction of these agents, AAs and ACs were measured at various time points during the day, including before and after physical activity and a mixed-nutrient meal. The primary goal of this study was to evaluate the potential daily variation of 15 AAs and 45 ACs, each aggregated separately into single factor scores, while the secondary analysis considered the daily variation of individual metabolites. We hypothesized that AA and AC factors derived from principal components analysis would provide a means of assessing the overall daily variation of these metabolic intermediates. Characterizing potential sources of variability of the metabolites will provide guidance for design of studies to assess biological and disease-related variation and facilitate differentiation of effects attributable to different health states or interventions from those due to daily and analytical or technical variation.
Materials and methods

Participants
Participants in this study were recruited through the Duke Rheumatology outpatient clinic and had knee osteoarthritis (OA) as previously described (Criscione et al. 2005; Gordon et al. 2008) . Patients were excluded for rheumatoid arthritis, systemic lupus erythematosus, psoriasis, gout, or hemachromatosis, and had no history, signs or symptoms of liver disease or cancer. Informed consent was obtained from all participants and all procedures were previously approved by the Institutional Review Board of Duke University Medical Center. A total of 40 subjects in two cohorts of 20 subjects each were admitted overnight to the General Clinical Research Center of Duke University to undergo serial serum sampling.
Serum sampling
In the first cohort of 20 subjects, blood was collected in the evening after eating dinner (T3, 8 p.m.), before rising from bed or eating (T0, 8 a.m.), 2 h after rising and breakfast (T1, 10 a.m.), and at noon before eating lunch (T2, 12 p.m.). In the second cohort of 20 subjects, to discriminate between the effects of feeding and activity upon first rising in the morning, blood was collected at similar time points (T3, T0, T1) and, in addition, 1 h after rising but before eating (T1A, 9 a.m., n = 20) instead of at noon. Because the study conditions were otherwise identical, the data were merged over the five timepoints: T0 n = 40; T1a n = 20; T1 n = 40; T2 n = 20; T3 n = 40. Morning activity consisted of the usual activities of daily living, and individuals were asked to be seated for no longer than 30 min at a time. After blood collection, at each time point, 7.5 ml blood was collected and allowed to coagulate for 30 min. Serum was isolated, divided into aliquots, immediately frozen at -20°C, then transferred to -80°C for long-term storage. Subjects chose their meals from a standardized menu which included protein, carbohydrate, and fat. Breakfast items and amounts consumed were recorded, with the average breakfast consisting of 30.5 g protein, 60.8 g carbohydrates and 25.5 g fat. Participants were Daily variation of serum Acs and AAs 557 allowed to take all of their usual prescription medications, including non-steroidal anti-inflammatory drugs.
Metabolite measurement and statistical analysis
Serum concentrations of 15 AAs, and 45 ACs were measured using a targeted, mass-spectrometry based platform as previously described Huffman et al. 2009 ). Specifically, AAs and ACs were analyzed by flow injection electrospray ionization tandem mass spectrometry and quantified by isotope or pseudo-isotope dilution using methods (Wu et al. 2004; An et al. 2004; Millington and Stevens 2011 ) based on those previously developed for fast ion bombardment tandem mass spectrometry (Millington and Chace 1992; Chace et al. 1993) . Briefly, plasma samples were spiked with a cocktail of heavy-isotope internal standards (Cambridge Isotope Laboratories, MA, USA; C-D-N, Isotopes, Canada) and deproteinated with methanol. The methanol supernatants were dried and esterified with either acidified methanol or butanol for ACs or AAs analysis, respectively. Mass spectra for ACs and AAs esters were obtained using precursor ion and neutral loss scanning methods, respectively. The spectra are acquired in a multichannel analyzer (MCA) mode to improve signal-to-noise. The data were acquired using a Micromass Quattro Micro TM system equipped with a model 2777 autosampler, a model 1525 HPLC solvent delivery system and a data system controlled by MassLynx 4.0 operating system (Waters, Milford, MA). Ion ratios of analyte to respective internal standard computed from centroided spectra were converted to concentrations using calibrators constructed from authentic aliphatic ACs and AAs (Sigma, MO, USA; Larodan Sweden) and Bovine Adult Serum (Sigma, MO, USA). Leucine and isoleucine are reported as a single analyte because they are not resolved by this MS/MS method. It should also be noted that the Leu/Ile values include contributions from allo-isoleucine and hydroxyproline. Under normal circumstances these isobaric AAs contribute little to the signal attributed to Leu/Ile (Chace et al. 1995) . In addition, the acidic conditions used to form butyl esters results in partial hydrolysis of glutamine to glutamic acid and of asparagine to aspartate. Accordingly, values reported as Glu/Gln or Asp/Asn are not meant to signify the molar sum of glutamate and glutamine, or of aspartate and asparagine, but rather measure the amount of glutamate or aspartate plus the contribution of the partial hydrolysis reactions of glutamine and asparagine. We elected to define a practical LLOQ for these flow injection analyses as that concentration whereby repetitive measurement of a quality control sample gave coefficient of variation (CV) greater than 15%. For AC and AA assays we determined that the CV rapidly increased for concentrations below 0.25 lM for acetyl carnitine (ACl), below 0.05 lM for the remaining ACs, below 5 lM for glycine and alanine, and below 1 lM for the remaining AAs. Per the assay design, these levels correspond to approximately 5% of the relevant stable isotope-labeled internal standard employed in the assay. All measured concentrations of AAs were above the practical LLOQ. However, the majority (58%) of the ACs concentrations were below the practical LLOQ. All values for ACs, including those below the practical LLOQ and zero values (194 of 7,200 total measurements), were included in the statistical analyses to evaluate the daily variation, if any, of the minor metabolites.
Variability in this sample was assessed by calculating %CV as 100*standard deviation/mean. Total, or betweensubject, variability (the combination of biological and daily variation) was calculated based on all values for all individuals and time points for each analyte. Within-subject (daily) variability was calculated based on concentrations over time for each individual.
To take advantage of the correlation between the measures of AAs and ACs and to reduce the Type-I error risks inherent in tests of so many measures, principal components analysis (PCA) was used to reduce the sets of 15 AAs and 45 ACs each to a single AA or AC factor. Since the distribution of AAs and ACs demonstrated right skew, these measures were log-transformed. The factor scoring algorithm was developed on the baseline (T0) values only for a single factor separately for the AAs and ACs. At each subsequent timepoint, for each subject, the values were normalized to the baseline means and standard deviations, and the scoring algorithm applied to compute expected 1-factor AA and AC solutions. Thus, changes across time are expressed in units of standard deviation (SD) relative to this baseline. The Signed Rank test was used to evaluate if the change relative to baseline was significantly different from zero. Statistical analysis was performed using SAS v9.2 (SAS Institute, Cary, North Carolina).
Daily variation for each AA and AC analyte was assessed by calculating, for each subject, the ratio of the analyte concentration at each time point relative to its nearest previous time point, using log-transformed (ln) values. Median values are presented and the Signed Rank test was used to evaluate if the overall ratio between neighboring time points was significantly different from 1.0. No correction for multiple testing was employed for this exploratory analysis.
Results
Study participants
The total study sample of 40 subjects included 65% females, 79.5% Caucasians and 22.5% African Americans.
The mean (range, SD) age was 69 years (50-89, 9.8) and BMI was 32.8 kg/m 2 (21.3-59.85, 8.9).
Serum concentrations and variability of metabolites
Although AA concentrations varied widely between individuals, all measured concentrations were in reported physiological ranges (Eriksson et al. 1989; Shah et al. 2009; Redman et al. 2011 ) ( Table 1) . Concentrations of the 45 ACs also varied widely, were in reported physiological ranges Redman et al. 2011) and were present at much lower concentrations than the AAs (Table 2) . For all 15 AAs and 45 ACs, variation (expressed as %CV) between individuals was greater than variation within an individual. Variation was similar for short chain (containing aliphatic chains of less than six carbons), medium-chain (6-12 carbons), long-chain (greater than 12 carbons) and very long chain ACs (greater than 22 carbons).
Daily variation of metabolites
The goal of our primary analysis was to evaluate daily variation of AAs and ACs in the aggregate. As described in the Methods, factor scores for AAs and ACs were computed for each subject at each timepoint based on all analytes at baseline and their respective factor loadings (AAs Table 1 ; ACs Table 2 ). The AA factor displayed a statistically significant increase with initial morning activity (an average 0.3 SD increase relative to baseline, P = 0.04) and feeding (1.15 SD increase relative to baseline, P \ 0.0001), remained elevated through the middle of the day (0.7 SD above baseline, P = 0.019) and finally reached a peak in the evening (1.61 SD above baseline, P \ 0.0001) (Fig. 1) . The AC factor exhibited the largest change with initial morning activity, first increased (1.99 SD increase relative to baseline, P \ 0.0001), then decreased after breakfast (to 1.15 SD above baseline, P \ 0.001), decreased further by midday (to 0.86 above baseline, P = 0.0056), and by evening returned to a value not significantly different from baseline (0.21 SD above baseline, P = 0.3) (Fig. 2) . We also conducted secondary analyses of the daily variation of individual metabolites. These were assessed in two ways, by comparing each subject's AA or AC concentrations at each time point: (a) relative to baseline, and (b) relative to its next subsequent next time point. While all 15 AAs and 42 of the 45 ACs displayed significant changes relative to baseline at some point during the day, the more meaningful analysis was that comparing each time point to its next subsequent neighboring time point, as this allowed Variability was expressed as %CV, calculated as 100*SD/mean. Lower limits of quantification were 5 lM for glycine and alanine, and 1 lM for remaining AAs. Variability between individuals, or total variability, was calculated based on all values (all subjects at all time points) obtained in the study. Variability within individuals was calculated based on determining each individual's %CV over four sample collection time points. Analytical variability, or error attributable to the instrument, was determined by measuring two quality control mixtures (diluent spiked with high or low concentrations of each AA) each day before and after assaying samples. %CV = 100*SD/mean Daily variation of serum Acs and AAs 559 (Table 3) . Only ornithine remained statistically unchanged between time points, although levels gradually increased over the course of the day to eventually reach a level statistically higher than baseline. With ACs the greatest change was seen with beginning morning activity when 32 of 45 ACs demonstrated significant increases (maximal increase of 120%). This was followed by a significant decrease of 14 ACs after feeding (Table 4) .
Discussion
To our knowledge, this study represents the first report characterizing the daily variation of ACs, and confirms the systematic variation of AAs in response to feeding and activity (Eriksson et al. 1989; Feigin et al. 1968; Maher et al. 1984) . While previous studies have used a non-targeted approach in plasma (Park et al. 2009 ) or urine (Slupsky et al. 2007 ) without specifically distinguishing between the separate effects of nutrition and activity, the analysis employed herein did so using mass Fig. 1 Daily variation of 1-factor solution scores for 15 AA at various time points as a ratio of the baseline value. All values are normalized to concentrations at T0 and represent natural log means and 95% confidence interval. Change from baseline was statistically significant at T1a (P = 0.04), T1 (P \ 0.0001), T2 (P = 0.019), and T3 (P \ 0.0001). Summarized in the figure as *P \ 0.05, **P \ 0.01, and ***P \ 0.001 Fig. 2 Daily profile of 1-factor solution scores for 45 AC at various time points as a ratio of the baseline value. All values are normalized to concentrations at T0 and represent natural log means and 95% confidence interval. Change from baseline was statistically significant at T1a (P \ 0.0001), T1 (P \ 0.0001), T2 (P = 0.0056), but not T3 (P = 0.3). Summarized in the figure as *P \ 0.05, **P \ 0.01, and ***P \ 0.001 spectrometry to target a broad panel of specific metabolites in serum.
Changing energy demands at the beginning of the day likely account for the biphasic response in ACs following an overnight fast. The overnight fast would deplete glycogen stores and switch the body's main fuel source to FAs thus raising acylcarnitine levels. The further increase in ACs following morning activity while fasting is consistent with continued FA metabolism to meet energy demands. Consumption of a mixed meal would presumably cause blood glucose concentrations to rise, thereby leading to suppression of FA oxidation via insulin-induced suppression of lipolysis, coupled with increases in tissue levels of malonyl CoA, leading to allosteric suppression of carnitine palmitoyltransferase I. The decrease in utilization of FAs would be expected to lead to decreased levels of a subset of ACs in our assay panel, particularly the even-chain species.
The pattern of daily responses seen in AAs contrasted with that for ACs. Six of fifteen AAs changed significantly with activity, but the change with feeding was greater, both in the number of AAs (11) that changed as well as the magnitude of response. Notably, feeding increased AA concentrations but decreased AC levels. The relatively smaller response of AAs to activity compared to that of ACs may be ascribed to the different roles these classes of metabolites play in energy balance. ACs are particularly sensitive to changes in FA oxidation in the course of normal feeding/fasting cycles, whereas AAs are particularly important as an oxidized fuel mainly in more prolonged fasting or starvation. As such, levels of ACs may display both greater fluctuations as well as more rapid responsiveness to the changing energy demands when compared to AAs, particularly at the start of the day.
While individual AAs and ACs have distinct characteristics and functions, they also participate in larger metabolic networks. For example, beta oxidation involves the sequential cleavage of 2-carbon units, thus families of FA species that are of various length can be considered part of a related cluster of metabolites. Similarly, groups of AAs converge into common catabolic pathways. For example, glutamate and glutamine can be produced via the catabolism of numerous other AAs, which may explain the rise in glu/gln at T2 (noon) simultaneous with the fall of their precursors proline, histidine, and the branched chain AAs valine, leucine, and isoleucine. Branched chain AAs also contribute the amino groups necessary for alanine synthesis, which can then be converted to pyruvate for use in gluconeogenesis during times of fasting. In this report, For each subject, the ratio of each time point relative to its previous time point was calculated using log-transformed (ln) values. Median values of the individual ratios are presented and P values (where the null hypothesis is that the overall ratio = zero) were generated by the Signed Rank Statistic. * P \ 0.05, **P \ 0.01, ***P \ 0.001. All values with P \ 0.05 are in bold single AA and AC factors generated from principal components analysis largely recapitulated the daily changes seen with individual metabolites described above, with the AC factor demonstrating the greatest change of state by rising with early morning activity and then falling with feeding, and the AA factor rising modestly with activity and more profoundly with feeding. This finding validates the use of single factors from principal components analysis in other studies which use metabolic profiling to create a composite picture of concurrent metabolic processes Lum et al. 2011) . Furthermore, this approach appears particularly well-suited for future studies focused on metabolic flexibility, generally understood as the capacity to appropriately match fuel oxidation with substrate availability (Galgani et al. 2008) . The current report outlines a means by which numerous singular metabolite measurements (assessed between various change of state junctures instead of at isolated time points) can be aggregated into factor scores in order to elucidate complex substrate shifts in cells, systems and individuals. Variability of these metabolites comes from several sources. Besides technical or analytical variability (which is of relatively less concern with a well-validated measurement platform such as mass spectrometry used here), we quantified total (biological and daily) and daily variability. In all cases, total variability exceeded daily variability, the difference of which can be ascribed to biological (between individuals) variability. While it is always preferable to adhere to standard sample collection conditions, this is not always possible, and analytes with substantial biological variation are potentially robust enough to yield meaningful findings in spite of collection inconsistencies. Although we observed significant daily variation in both AAs and ACs, we observed a portion of biological variation over and above this for all analytes in this study.
There were several limitations of this study. First, the population of 40 subjects was limited in size and was selected on the diagnosis of radiographic knee OA. We cannot rule out the possibility that the presence of OA could have a specific and unique impact on either the levels of these metabolites or the body's regulation of them during the course of the day or in response to feeding or activity. However, given the high prevalence of OA in the general population (12% for ages 25 years and older, Lawrence et al. 2008 , and a lifetime risk of 44.7%, Gabriel and Michaud 2009), these results are likely generalizable to a large sector of the adult US population. Second, while the mixed meals served in the study generally reflect a typical diet in a developed western setting, the heterogeneity of nutrients prevented discrimination of the effects on AA and AC levels due to specific components such as carbohydrate, protein or fat. Finally, no statistical accommodations were made in the secondary analysis for the simultaneous analysis of multiple analytes, but this was warranted given the exploratory scope of this aspect of the study.
Conclusion
In conclusion, from this preliminary study it is evident that major classes of energy metabolites, including AAs and ACs, vary significantly in response to normal daily activities including food intake. Relative to baseline AM recumbent concentrations, AA concentrations rose after activity and feeding while AC concentrations rose after activity and decreased with feeding. Furthermore, for all AAs, ACs, and their factors, biological variation was quantifiably evident and distinct from daily variation. Elucidating these variations in metabolites is an important step in understanding the greater complexities of energy balance.
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